Abstract. Radiolysis gas is a mixture of gaseous hydrogen and oxygen, which is generated by dissociation of water under the influence of gamma and neutron radiation. Radiolysis gas aggregations can appear for example in safety-relevant piping of nuclear power plants. The detonation of such gas mixtures can not excluded in all cases. Within the scope of a research project funded by the German Federal Ministry of Economics and Technology (BMWi), the basis for the assessment of the related risk potential for plant operation shall, among others, be provided. Detonation tests and numerical evaluations are performed to simulate detonations of radiolysis gas in pipes with O.D. x t = (114.30 x 6.02) mm made of austenitic steel under operating pressure of 70 bar. It is observed, that depending on the ratio of detonating gas to nitrogen rupture of the pipe can occur in different distances from the ignition. Due to the high-rate response of the pipes to the detonations, multiple longitudinal cracks and fragmentation occurred in certain cases. For the numerical investigations an appropriate material constitutive law is chosen in order to describe the material behaviour including strain rate sensitivity and thermal softening at high deformations. Several small-size specimen tests are performed in order to evaluate the required material parameters. For determination of the local strain distribution during the tests appropriate optical measurement is used. The material model is validated by numerical simulations of tensile and compression tests. The numerical simulation of the deformation behaviour of the pipes fits well into the test results.
INTRODUCTION
One of the main risks with the occurrence or by the use of hydrogen in oxygen-containing environment is the easy inflammability of the hydrogen-oxygen-mixture (detonating gas), whereby the combustion proceeds with very different velocities and leads, in particular with high operating pressure, to extreme mechanical and thermal loads.
Detonating gas aggregations generated by dissociation of water under the influence of gamma and neutron radiation can appear for example in safety-relevant piping of nuclear power plants. Such a gas mixture is called radiolysis gas according to its origin. In particular steam piping connected to the reactor pressure vessel with non-permanently steam flow are at risk.
For the assessment of incident situations with appearance and ignition of different amounts of radiolysis gas knowledge about the pressure-profile of the deflagration (subsonic combustion before entry of detonation) as well as the criteria and mechanisms of an acceleration of the deflagration up to the detonation (DDT = deflagration-to-detonation transition) and herewith about the distance between ignition and DDT (RUD = run-up distance) is among other of the central meaning. Furthermore pressure-profile and speed of the detonation wave are elementary pipe load parameters.
Detonation tests can give information on the load parameters as well as on the structural mechanical reaction of the pipe at different ratios of radiolysis gas. Dependent on the ratio of radiolysis gas critical pressure profiles and thus tubing expansion and strain rates are to be expected, which can lead possibly to catastrophic piping failure. The failure mechanisms, fragmentation and fraction sizes are of central importance for the evaluation of the risk potential. So multiple longitudinal cracks, fragmentation or the separation of larger fragments can occur and may have an influence on surrounding installations.
Experimental investigations with purposeful ignition of detonating gas are well known for pipes with nominal diameters up to 50 mm and for operating pressure up to about 10 bar (e. g. [1] ). Also numerous numerical studies are available dealing with the elastic or low plastic response of pipes to detonative loads [2, 3] . Further experimental and numerical investigations became necessary in order to analyze the complex interrelations between the gas dynamic process and the highly plastic deformation of the piping under detonative loads.
The following will summarize the state of the research and point out some important phenomena regarding gas dynamics and structural mechanics that have to be considered in analyzing that kind of problems.
DEFLAGRATION AND DETONATION IN PIPES
If a radiolysis gas mixture is ignited in a pipe with the initial pressure p 0 , initially two reactions are to be distinguished. Due to the heat development of the ignition flame, shock waves are initiated, which run approximately with the speed of sound of the unburned gas through the pipe. At the same time a flame propagates toward the unburned gas mixture with laminar burning velocity, whereby the flame front assumes a parabolic profile due to wall friction. By the piston effect of the expanding burned gas the flame front accelerates up to turbulent burning velocities. The flame front velocity is now the sum of the burning velocity and the displacement velocity of the unburned gas. Additionally turbulencegenerating structures (e. g. wall friction or weld seams) lead to a further acceleration of the flame front. The unburned gas behind the leading shock wave becomes pre-compressed due to increase of pressure and temperature. When the conditions of self-ignition are reached, a shock forms and the deflagration leads to the onset of detonation (DDT). At the same time a pressure wave propagates back through the burned gas due to conservation of momentum. This is called retonation. The detonation is characterised by unsteadiness in the pressure and speed course. The detonation starts as a so-called overdriven detonation in a volume of pre-compressed gas. Once the detonation front has been passed the compressed gas, the wave decays to a stable detonation, which can be described with the so-called Chapman-Jouguet-model (CJ). The pressure profile of a stable CJ detonation is characterised by the jump to the CJ pressure peak p CJ followed by an expansion to the pressure of unburned gas p 3 . This expansion is also referred to as Taylor-wave according to the work of G. TAYLOR [4] . It's important to note that the maximum pressure of an overdriven detonation could be more than 5 times higher than the CJ detonation pressure. A schematic diagram of the pressure profile of a stable detonation is given in Figure 1 . 
DETONATION TESTS
Detonation tests and numerical evaluations are performed at the Material Testing Institute (MPA) University of Stuttgart to simulate detonations of radiolysis gas with and without the presence of steam in pipes made of austenitic steel (X10CrNiTi18-9) [5] . The radiolysis gas is simulated by mixing hydrogen and oxygen from gas bottles in stoichiometric ratio and nitrogen is used to simulate the steam. Straight pipes as well as pipes with a welded elbow are tested. The dimension is given by O.D. x t = (114.30 x 6.02) mm and the filling pressure is 70 bar according to the operating pressure of special BWR-piping. The tests are carried out at room temperature. A burst membrane to simulate an open-ended pipe closes the end of the pipe. Pressure sensors are applied to the flanges at the pipe ends. The test pipe is instrumented by strain gauges. Next to the evaluation of strains and strain rates these signals are used to calculate burning velocities and the position of DDT. Additionally a pattern is applied onto the pipe's surface and the tests are recorded by a highspeed camera (Photron APX-100). Using optical deformation analysis based on the raster method (ARAMIS), it is possible to evaluate global and local strains and deformations afterwards. The basic principle of this method is based upon the fact that the distribution of grey scale values of a rectangular area in the initial state corresponds to the distribution of grey scale values of the same area in the deformed state.
For dimensioning the detonation tests with the thin-walled pipes described above and to obtain pressure profiles for the numerical simulations, calibration tests with thick-walled quasi-rigid pipes with an inner diameter of 36 mm and a length of 4.00 m are carried out. These tests are instrumented by pressure sensors and are performed in cooperation with Pro-Science GmbH, Ettlingen using a testing facility of the Karlsruhe Research Center (FZK). Elementary pipe load parameters like run-up distance, wave velocities and pressure-time history can be obtained from the results of these tests.
The detonation tests with thin-walled pipes are performed in the underground test pit at the MPA University of Stuttgart. Tests are carried out with a ratio of detonating gas of 50 %, 60 % and 80 % respectively. As one of the main results it is observed that the tests with 60 % of detonating gas lead to catastrophic piping failure due to multiple longitudinal cracks while in case of 80 % of detonating gas -with the exception of one test -no rupture occurred. The fact that the tests with less detonating gas concentration lead to a higher local loads and to higher dynamical fracture behaviour is to be explained with the longer run-up distance and with the higher pre-compression involved. In case of 50 % of detonating gas no DDT occurred in the pipe due to the long run-up distance. The deformation and fracture behaviour of the pipes is summarized in Table 1 and Figure 2 respectively. 
DETERMINATION OF THE MATERIAL BEHAVIOUR
A set of small-scaled specimen tests in tension and compression is performed to obtain the stressstrain behaviour of the material. The tensile specimens are sampled from the pipes in tangential as well as in axial direction. In order to ensure elastic behaviour of the specimen heads ferritic steel is connected to the tubular part of the specimen by electron beam welding. The compression specimens are lapped on the face sides in order to avoid eccentric load. A servohydraulic high-speed testing machine (Schenck, 100 kN, 20m/s) is used for the dynamic tensile tests up to a strain rate of 1000 s -1 . A nearly constant strain rate during the test is obtained by using a special slack adaptor and the driving signal for the large proportional valves (6500 l/min each) obtained by a computer simulation program under consideration of machine data and ram speed. The elongation is measured with an electro-optical extensometer and strain gauges respectively. Force is measured by strain gauges applied on the dynamometer section of the specimen. These strain gauges are calibrated by using the piezoelectric load cell of the testing machine at low loading rates [6] .
The compression tests up to a strain rate of 2500 s -1 are performed on the servohydraulic highspeed testing machine described above and additionally on a split-Hopkinson pressure bar (SHPB) for strain rates of up to 5·10 4 s -1
. To obtain the stress-strain behaviour of the material at higher temperature quasi-static tensile tests are performed on an universal tensile testing machine (MTS Sintech 65G).
Some of the tests are prepared for optical deformation analysis and are recorded by a high-speed camera to verify the material constitutive law up to rupture.
The complete material behaviour as a function of strain, strain rate and temperature has to be described by a suitable material constitutive law. Most of finite-element codes provide the wellknown material law developed by JOHNSON and COOK, which considers these dependencies by three multiplicative terms:
whereε& is equivalent plastic strain rate and T the current temperature, T melt is the melting temperature, T 0 the room temperature. A, B C, n and m are material parameters. At high loading rates the heat caused by the mechanical deformation has no time to diffuse through the material. Hence the experimentally determined dynamic flow curves are assumed to be adiabatic if the strain rate is high enough. In order to obtain strain rate dependent isothermal flow curves for room temperature, the flow curves have to be reduced by the influence of thermal softening what is done using a simple multiplicative approach containing a temperature function [7] . In this work the function suggested by Petch [8] is used. Assuming uniaxial load furthermore, the isothermal flow curves can be obtained by using Equation 2:
where κ is the Taylor-Quinney parameter, which implies the fraction of plastic deformation converted into heat, ρ the density, c the specific heat capacity, β is a material constant, which can be set to 3 MPa/K for the most materials [7] . The stress is scaled by the strain rate dependent term in equation (1) and fitted with the function (A + Bε n ). Averaging over all flow curves results in the parameters A, B and the strain hardening coefficient n. Parameter C is obtained by a logarithmic plot of stress vs. strain rate at different locations of plastic strain. Similarly the parameter m is determined from the quasi-static temperature dependent test results.
The Johnson-Cook material law with the determined parameter ( Table 2) is verified by comparing numerical simulations of several high-speed tensile and compression tests to the results of the test data obtained from optical deformation analysis, also beyond necking and up to rupture. 
NUMERICAL SIMULATION
The detonation tests are simulated by a finite-element analysis using the Johnson-Cook material model described above. The calculations are performed by the explicit FE-code ABAQUS/Explicit using axisymmetric solid elements. For any point along the longitudinal axis of the pipe, the pressure-time history can be described by the following expression:
where p 0 is the initial pressure and p 3 the pressure of the burned gas, p CJ is the CJ pressure peak and v CJ the velocity of the detonation wave front, c is a constant factor, which can be determined by fitting the experimental data in the region of stable detonation. The pressure distribution of deflagration, retonation and overdriven detonation is obtained by using the CFD-simulation-tool DET3D, developed by REDLINGER [9] and is calculated by the IKET at Karlsruhe Reseach Center (FZK). These results are simplified by a mathematical approach and are applied by a user-subroutine onto the inner surface of the pipe.
Note, that these pressure profiles are valid in case of elastic pipe response only. Since the huge plastic deformation of the test pipes leads to a change in volume and hence to a change in the gas state (density, temperature, etc.), the pressure has to be corrected. This is done approximately by using the isentropic relations. Neglecting the pressure equalisation in axial direction, this correction can be written as follows:
where p is the current pressure calculated from Equation 3, r 0 is the initial radius and r the current radius of the pipe, γ is the isentropic exponent, which is the ratio of specific heats.
RESULTS AND CONCLUSION
The FE-simulation is validated by comparing calculated strains and strain rates to the experimental determined ones. Figure 3 shows the deformation of the pipe in the region of DDT at different times in case of 80 % of detonating gas. Furthermore the deformed shape of the pipe obtained from the high-speed film is shown and overlaid with the hoop strain distribution evaluated by the optical deformation analysis. The final deformation of the test pipe is shown in Figure 4 and compared to the FE-calculation. The graphs show a relatively good agreement between the FE-calculation and the detonation test with 80 % of detonating gas and without pipe rupture. The idealisations of the retonation propagation result in a small difference between experiment and calculation in the region of retonation.
The calculations show the possibility to analyze that kind of problems with an accurate material constitutive description and with the knowledge of the pressure-time history. Comparative calculations showed that the consideration of the influence of overdriven detonation and pressure correction due to volume change is most important to obtain realistic results.
Detonation tests with 60 % of detonating gas showed piping failure due to multiple longitudinal cracks. These cracks are assumed to initiate by multiple necking in the circumferential direction of the pipe. Further investigations are necessary in order to calculate the pressure history of these tests and to extend the material constitutive description by a suitable failure criterion. 
